Agronomic use of biosolids has raised concern that plant availability of biosolids-Cd will increase with time after cessation of biosolids application. It has been demonstrated that chemical extractability of Cd is persistently decreased in biosolidsamended soils. This study was conducted to determine if Cd phytoavailability in long-term biosolids-amended soils was also persistently decreased. Paired control and biosolids-amended soils were collected from three experimental sites where large cumulative rates of biosolids were applied about 20 yr ago. The pH of all soils [in 0.01 mol L -1 Ca(NO 3 ) 2 ] was adjusted to 6.5 ± 0.2. Increasing rates of Cd-nitrate (from 0 to 10.0 mg Cd kg -1 soil) enriched in 111 Cd stable isotope were added to all soils, and Romaine lettuce (Lactuca sativa L. var. longifolia Lam.) was grown in pots to bioassay phytoavailable Cd. After harvest, Cd concentrations in shoots and labile pool of Cd (Cd L ) in soils were determined. The relationship between added salt-Cd and Cd concentrations in lettuce shoots was linear for all soils tested. Ratios of (shoot Cd):(soil Cd) slopes were highest in the control soils. Biosolids amendment decreased (shoot Cd):(soil Cd) slopes to varied extent depending on biosolids source, properties, and application rate. The decrease in slope in comparison to the control was an indication of the lower phytoavailability of Cd in biosolids-amended soils. A significant negative correlation existed between Cd uptake slopes and soil organic matter, free and amorphous Fe and Al oxides, Bray-P, and soil and plant Zn. Biosolids-Cd was highly labile (%L 80-95) except for Fulton County soil (%L = 61).
C oncerns related to adverse environmental and food chain effects of trace elements in biosolids have a history as long as the history of using biosolids as agricultural soil amendments (Page, 1974; Beckett et al., 1979; Chaney, 1973; McBride, 1995) , component of composts, and artificial soil mixtures used for restoration of drastically disturbed ecosystems Granato et al., 2004; Brown et al., 2005) . These concerns encouraged years of research to define patterns of metal uptake by plants grown in biosolids-amended soils (Cunningham et al., 1975; CAST, 1976; Corey et al., 1981; Heckman et al., 1987; Smith, 1994; Sloan et al., 1997; Granato et al., 2004) .
When metal salts are added to soils with biosolids, they are less phytoavailable than when added alone (Mahler et al., 1987) . This effect is attributed to the addition of sorptive phases as organic matter or as mineral components of biosolids including phosphates, silicates, and Fe and Mn oxides Hettiarachchi et al., 2006) . Although inorganic phases of biosolids may be persistent in amended soils, biosolids organic matter decomposes, and with time its content in soil diminishes. This loss of applied organic matter has raised concern that the phytoavailability of biosolids-applied trace elements may increase in decades after biosolids application and that the biosolids-Cd rate that is safe today may prove to be harmful in the future (Chaney, 1973; Beckett et al., 1979; McBride, 1995) . To address this concern, crop uptake of Cd has been monitored in controlled field plots with a history of long-term biosolids application. For example, Chaney and Hornick (1978) reported that fields where biosolids with high Cd levels were applied, especially where the soils were acidic, caused very high Cd uptake by a range of crops (Chaney et al., 2006) . However, when biosolids with typical median metal levels were applied, no evidence of increased Cd uptake was found 10 to 20 yr after the last application of biosolids in controlled field studies unless soil pH substantially declined (Bidwell and Dowdy, 1987; Chang et al., 1997; Brown et al., 1998; Hyun et al., 1998; Shober et al., 2003; Sukkariyah et al., 2005) .
Although repeated direct measurements of crop Cd after termination of biosolids application may provide evidence of biosolids safety, alternative approaches that allow for the projection of the future effect have also been undertaken (Bergkvist and Jarvis, 2004) . Using soils collected from fields where biosolids had been applied at substantial cumulative application rates, it was established that the slopes of Cd adsorption isotherms of long-term biosolids-amended soils were greater than those of paired unamended soils Hettiarachchi et al., 2003) . The observed difference in the isotherm slopes persisted after removal of organic matter by hypochlorite oxidation. Removal of organic matter and Fe/Mn was required for the difference in the isotherm slopes of the biosolids-amended and unamended soils to become equal (Hettiarachchi et al., 2003) . Examination of Cd binding in biosolids by XANES indicated that biosolids Cd was bound to a complex of Fe and organic matter, suggesting that the high Fe content of biosolids with stronger Cd adsorption is related to the observed increased and persistent adsorption of Cd by amended soils (Hettiarachchi et al., 2006) .
Cadmium uptake by indicator plants was evaluated on paired biosolids-amended and control soils amended with several rates of soluble Cd salts or biosolids-Cd by Mahler et al. (1987) . The decrease in Cd uptake slope for biosolids-amended soils indicated that the fraction of total soil Cd available for uptake by plant roots in biosolids-amended soils was less than in the unamended soil. This could result from a change in the "labile pool" of soil Cd in amended soils, or it could result from stronger adsorption by the amended soil. The labile pool is defined as isotopically exchangeable metal present in a soil that is in equilibrium with metal absorbed by plants (Tiller, 1979; Scheifler et al., 2003) . This defines the plant-available or, in broader terms, the bioavailable pool of metal. The labile pool may be estimated by spiking soil with a radioactive or stable isotope and measuring the fraction of the isotope in soil solution after the exchange of the tracer isotope with metal present in the soil solid phase (E-value). Alternatively, the isotopic composition of a plant grown in a soil amended with tracer isotope may be measured (e.g., Tiller, 1979; Smolders et al., 1999; Stacey et al., 2001; Hutchinson et al., 2000) , providing an estimate of the labile pool (L value). If the entire pool of soil metal remains available for root uptake, the isotopic composition of plant and soil metal will be equivalent. However, if part of the total soil metal is not available for uptake, plant tissues will be enriched in the tracer isotope as compared with the bulk soil. It has been reported that E and L estimations of labile pool differ (Frossard et al., 1994; Smolders et al., 1999; Sinaj et al., 2004; Stacey et al., 2001) . The short incubation time for isotopic exchange reactions between isotope spike and soil before E-value determination is often blamed for this observed discrepancy. Other factors, including intensification of isotopic exchange in soil by plant root exudates or precipitation of added tracer isotope, may also affect the reaction (Schneider and Morel, 2000; Smolders et al., 1999; Hutchinson et al., 2000; Stacey et al., 2001; Hamon et al., 2002) . Reduction in Cd uptake could also result from increased adsorption of Cd by the amended soil rather than reduction in labile fraction of Cd in the soil. It is increasingly recognized that the labile pool is only the "potentially available pool" (e.g., Hamon et al., 2008) .
The present study was conducted to assess soil Cd phytoavailability using soils with known rates and composition of applied biosolids over time to better address the question of the long-term effect of high cumulative application of biosolids on Cd phytoavailability. The present greenhouse study involved growing plants in the soils from control and long-term biosolids-amended field plots with plant uptake and isotopes used to measure changes in phytoavailable Cd in the biosolids-amended soils. The test resembles the approach used in isotherm studies (i.e., the addition of increasing rates of salt-Cd and equilibrating it with soil), followed by a phytoavailability test with all treatments at the same non-calcareous pH. The slope of the Cd uptake line relating plant shoot Cd to added salt-Cd or to total soil Cd is considered a bioassay of soil Cd phytoavailability. Comparing the uptake slopes for the different soil/biosolids treatments allows for comparison of relative Cd phytoavailability in the long-term biosolids-amended and control soils. Isotope tracer present in the added salt-Cd allows for discrimination between Cd uptake from recently added saltCd and that originating from historical application of biosolids.
Materials and Methods
Soils for this laboratory and greenhouse study were collected from paired long-term, biosolids-amended and unamended (control) plots from controlled field experiments at Beltsville, Maryland; Rosemount, Minnesota; and Fulton County, Illinois. Soils at all sites were amended with high cumulative rates of biosolids processed in various ways at the waste water treatment plants. Application of biosolids ceased 16 to 24 yr before soil collection (Table 1) . Detailed descriptions of experimental sites, biosolids applications, incorporation methods, and agronomic practices during and after biosolids application are reported in Granato et al. (2004) , Brown et al. (1998), and Sloan et al. (1997) . The soil series, site location, cumulative biosolids, and Cd loadings are shown in Table 1 .
Soil Analysis
Sufficient soil from each treatment from each location was thoroughly mixed. Three random samples were taken for analysis. Soils were air dried and sieved (<2 mm) using a stainless steel sieve after crushing aggregates with a stainless steel rolling pin. Soil pH was measured in 0.01 mol L -1 Ca(NO 3 ) 2 after 1 h equilibration. Particle size distribution was determined by the hydrometer method (Gee and Bauder, 1986) . Soil C was analyzed by dry combustion using a TruSpec CN analyzer (LECO, St. Joseph, MI). Bray-1-extractable P was determined according to procedure described by Sparks (1996) . To determine cation exchange capacity, soil was extracted with 1 mol L -1 NH 4 OAc (Sumner and Miller, 1996) . Free Fe and Mn oxides were determined using a modified Holmgren method (Loeppert and Inskeep, 1996) . The modified Mehra and Jackson oxalate extraction scheme (Loeppert and Inskeep, 1996) was used for determination of poorly crystalline "amorphous" soil Fe, Mn, and Al. For total metal analysis, samples were digested using USEPA Method 3050B (USEPA, 1995b) . Metals in the extracts were analyzed by atomic absorption spectrometry with deuterium background correction. Quality control of metal analyses was achieved by random duplication, blanks, recoveries of spikes, and analysis of NIST plant and soil standards.
Each of the soils used in the study was sieved through a 5-mm stainless steel sieve, mixed, and stored moist until experimental set-up and seed planting. ) in plant data presentation and discussion. Natural abundances and molar weights of natural isotopes of Cd were taken from the National Institute of Standards and Technology web site (www.nist.gov).
Fertilizer and salt-Cd solutions were sprayed on each Cd-rate lot of soil as the soil was being continuously mixed in a plastic-lined cement mixer. The Cd spike addition was made at the same time as the Ca(NO 3 ) 2 fertilizer addition. After application of fertilizers and 111 Cd-salt, the soils were incubated in closed plastic containers for 30 d. After incubation, each soil batch was re-mixed on a plastic sheet, and soil pH was measured to assure that pH remained within the 6.3 to 6.7 goal of the experiment. Soils were placed in pots and incubated moist for another 23 d before planting seeds. Fifteen seeds of 'Parris Chaney et al. (1982) . ‡ Sloan et al. (1997) . § Dowdy et al. (1983) . ¶ MWRDGC, Metropolitan Water Reclamation District of Greater Chicago. † † Approximate percentage of experimental plot surface area occupied by a soil series. ‡ ‡ T. Granato, personal communication. § § Average concentration; T. Granato, personal communication.
Island' Romaine lettuce (Lactuca sativa var. longifolia) were sown into each pot and thinned to three plants per pot 6 to 8 d after germination. Romaine lettuce was selected as a test species because it tends to accumulate Cd and has been used as the reference crop in many metal food chain studies (e.g., Brown et al., 1996) . Lettuce was grown in the greenhouse with 16-h days and a controlled temperature (25/20°C day/night). Plastic saucers were used to prevent loss of leachate. Plants were watered with deionized water from the top of the pot or from the saucer on alternate days. A layer of polyethylene beads was placed on the soil surface in each pot to prevent contamination of plants with soil particles. Beads were washed in a weak solution of a laboratory detergent and rinsed three times in deionized water before being spread on the soil surface. Plants were harvested after 50 d of growth. The five oldest leaves (senescent, dead, or discolored) were discarded (an usual practice when lettuce is harvested for consumption). Plant material was dried at 65°C, and dry weight was recorded. Shoots were ground in a stainless steel Wiley mill and digested according to a slightly modified procedure of the AOAC (Isaac, 1990) . After dry ashing at 480°C overnight, samples were digested on a hot plate in 2 mL of concentrated HNO 3 and refluxed for 2 h with 10 mL of 3 mol L -1 HNO 3 , filtered through Whatman No. 40 filter paper, and diluted to 25 mL with 0.1 mol L -1 HNO 3 . Trace element-grade HNO 3 was used in all steps of sample digestion. Standard Reference Material Spinach Leaves 1570a, digestion blanks, along with sample and digestion blank spikes (spikes introduced before and after digestion) were routinely included for quality control. Cadmium spikes enriched in 111 Cd were prepared from a diluted solution used for soil spiking. Cadmium concentrations in solutions of digested plant samples were determined using atomic absorption spectrometry. Spike recovery was within 90 to 110%.
After plant harvest, soil in each pot was thoroughly mixed, and soil samples were collected. After air drying, crushing, and sieving (<2 mm), soil pH was measured in 0.01 mol L -1 Ca(NO 3 ) 2 at a soil:solution ratio of 5 g:10 mL and subjected to 1 h of equilibration. At harvest, the pH of all soils except one remained within the range of 6.3 to 6.7. The pH of Rosemount soil amended with the highest biosolids rate had increased to 6.95 at plant harvest.
Isotope Ratio Measurement
Before measurement of Cd isotope ratios in the lettuce shoots, digested plant samples were filtered through 0.2-mm membrane filters (Pall Corporation, Ann Arbor, MI) and diluted with 0.1 mol L -1 HNO 3 to achieve a final Cd concentration of 50 µg L -1
. Ultrapure nitric acid (J.T. Baker Chemical, Fair Lawn, NY) was used for dilution and standard preparation. Measurements of isotope ratios were performed using an ICP-MS Plasma Quad II+ (VG Elemental, Winsford, Cheshire, UK) equipped with Scott's type spray chamber. Instrument parameters are shown in Table 2 . Peak-jumping routine (three points per peak) with peak dwell time of 24 ms was used for data acquisition. Measurement of isotope ratio in each sample was performed in five replicates. Corrections for mass discrimination and signal drift were made by running with every four samples a sample of known isotope ratio and matching matrix. Cd) in each sample. For quality control, the isotope ratios were measured in duplicate plant digests (1 per 10 samples), and digestion blanks and plant samples were spiked before and after the digestion process. The spiking solution was enriched in 111 Cd. The measurement conditions provided the most precise estimate of isotope ratios needed to characterize the lability of soil Cd (see discussion of precision of isotope ratio measurement in Patterson and Veillon [2001] ).
Calculations
The ratio of the reference isotope 110 Cd to the tracer isotope 111 Cd measured in lettuce shoots (R 110/111 ) is equal to the moles of the reference isotope divided by the moles of the tracer isotope. Plants absorbed soil cadmium isotopes from two sources: the sampled soil Cd (geogenic + biosolids) as collected (designated "native" here for clarity) and the salt-Cd spike enriched in 111 Cd, which results in the following equation commonly used in isotope dilution studies (Heumann, 1988; Smith, 2000; Patterson and Veillon, 2001 Patterson and Veillon (2001) , which allows one to calculate the amount of Cd in plant shoots that originated from the salt-Cd spike. The total amount of Cd in the plant shoot (T) is equal to the sum of Cd derived from the native soil Cd and the saltCd spike.
where m n (mmol kg -1 dry wt) is Cd in the shoots derived from native soil Cd, and m s (mmol kg -1 dry wt) is Cd in the shoots derived from the salt-Cd spike. Cd are used as reference isotopes. The amount of Cd in plant shoots originating from the native soil Cd (m n ) can be obtained using Eq. [3] .
The following formula was used to compute the L value for labile native (geogenic + biosolids) soil Cd:
where M s (mmol Cd kg -1 oven dry soil) is the amount of saltCd spike added to soil, and m n and m s (mmol kg -1 dry wt) are amounts of shoot Cd extracted by plants from the soil native (geogenic + biosolids) Cd and the spike, respectively.
The %L of the labile soil Cd was obtained from the equation
where L (mmol kg -1 oven dry soil) is the labile soil Cd (from Eq.
[5]), and N (mmol kg -1 oven dry soil) is the total (geogenic + biosolids) soil Cd.
The L values (Eq.
[5]) were calculated assuming that spike Cd did not undergo fixation after addition to a soil. Fixation or precipitation could make part of the added salt-Cd not available for plant uptake, which would cause dilution of spike tracer isotope in the harvested biomass, resulting in an overestimation of the labile pool of soil Cd. The study by Degryse et al. (2004) demonstrated that 90% of salt-Cd spike applied to noncalcareous biosolids-amended soil remained isotopically exchangeable 10 yr after amendment, which validates our assumption.
Data analysis was conducted using the SAS statistical package (SAS Institute, 1988) . All treatments were conducted with four replicates. The effect of salt-Cd rate, soil/biosolids type, block, and interaction Cd rate ´ soil/biosolids on lettuce yield was evaluated by two-way ANOVA performed on all soil/biosolids data. Subsequently, one-way ANOVA was performed on each soil/biosolids data subset. When the effect of salt-Cd addition on lettuce yield was significant (P < 0.05), a Duncan multiple range test was used for means separation. The effect of soil/biosolids on shoot Cd and Zn concentrations at 0 salt-Cd rate was evaluated by one-way ANOVA, followed by Duncan test for mean comparison. Two-way ANOVA with soil/biosolids ´ salt-Cd rate interaction, followed by Duncan multiple range test, was applied separately for the labile native (geogenic + biosolids) Cd and the labile salt-Cd. Relations between slopes of Cd uptake by lettuce and soil properties were characterized by Pearson correlation coefficients. If not specified otherwise, P = 0.05 was considered the indication of statistical significance.
Results and Discussion

Yield
Lettuce shoot yield was significantly affected by salt-Cd rate (P < 0.0001) and soil series (P < 0.0001). There was also a significant interaction (P < 0.0001) between salt-Cd rate and soil/biosolids on lettuce yield, with no consistent pattern across all soils or rates of biosolids application. In the Hayden farm soil, at 0 salt-Cd applied, there was no significant effect of biosolids application on lettuce yield except for the heat-treated biosolids, which significantly reduced yield in comparison to control (Fig. 1) . Examination of the lettuce Mn concentrations indicates that this high Fe biosolids had reduced Mn phytoavailability, which is similar to the findings in another study with high Fe biosolids and low Mn soils (Brown et al., 1997) ; increasing Cd salt addition caused further reduction in yield and in shoot Mn to clearly deficient levels at the highest Cd addition (9 mg Mn kg -1 ). In all of the Hayden Farm soils, statistically significant yield reduction and mild plant chlorosis was observed at higher application rates of salt-Cd. The least sensitive to salt-Cd application were yields in soils amended with heat-treated and limedcomposted biosolids. Plants grown in these treatments also had the lowest Cd levels in lettuce shoots among all Hayden Farm soils. In the Rosemount soil not amended with salt-Cd, biosolids application significantly increased lettuce yield in comparison to control soil. The addition of salt-Cd, beginning with the lowest rate of 2.5 mg Cd kg -1 soil, significantly decreased the yield of plants grown in control and 60 Mg ha -1 biosolids-amended soil. However, at the 120 and 180 Mg ha -1 application rates, even the highest rate of salt-Cd did not have an adverse effect on yield. Mild chlorosis progressing with salt-Cd application rate was apparent only in the control soil.
Cadmium salt application to the biosolids-amended Fulton County soil had little effect on yield, whereas progressive yield reduction with increasing salt-Cd rate was observed in the Fulton County control soil.
Uptake Slopes of Salt-Cadmium
Cadmium concentration in lettuce shoots increased linearly with salt-Cd application rate for each bioassayed soil (Fig. 2) . These results are in agreement with the observations of Mahler et al. (1987) . This indicates that despite yield depression at higher application rates of salt-Cd on non-biosolids-amended soils, Cd accumulation by plants was unaffected. These findings strongly contradict the suggestion of McBride (1995) that Mahler et al. (1987) had misinterpreted the uptake responses they reported on long-term biosolids-amended and nonamended soils. The present bioassay used four rates of added Cd rather than two rates of added Cd to obtain a stronger test of the linearity of this relationship.
The shoot Cd concentrations vs. soil Cd slopes were similar for the three control soils not amended with biosolids. Application of biosolids reduced these slopes to various extents depending on biosolids source and biosolids application rate. The greatest reduction in slope (by 91.2% in comparison to control) was achieved with 643 Mg ha -1 Metropolitan Water Reclamation District of Greater Chicago (MWRDGC) biosolids, despite high total biosolids-Cd introduced, followed by limed-composted biosolids applied at the rate of 672 Mg ha -1 to Hayden Farm soil (slope reduction 87.0% in comparison to control). The MWRDGC biosolids had the highest Cd concentration, and the limed-composted biosolids had the lowest Cd concentration, suggesting that biosolids Cd concentration was not an important differentiating characteristic. It also suggests that slopes for salt-Cd were not related to initial concentrations of Cd in soils originating from biosolids application. The shoot-Cd vs. soil-Cd slope declined with a higher application rate of biosolids (Rosemount and Hayden Nu-Earth biosolids), but the reduction was not proportional to the biosolids application rate. The greatest effect on the uptake slope was observed by the first (lowest) biosolids application rate (Fig. 3) , indicating that the relationship with the biosolids-added phase responsible for the decrease in Cd uptake slope is curvilinear. We interpret these findings as showing that the Cd is adsorbed by the soils, keeping the Cd in the labile form in most cases but lowering the phytoavailability due to the strength of adsorption by the biosolids-amended soils. Labile Cd is in non-precipitated forms, such as adsorbed or chelated, that roots can readily access, but the uptake of that labile Cd is dependent on the strength of sorption, including soil pH effect on sorption. Thus, although all labile Cd is in a phytoavailable form, the uptake can vary widely depending on other soil properties.
Soil properties that are indicative of increased potential for Cd sorption (increase in amorphous Fe and Mn oxides and organic matter) were altered by biosolids application (Table  3 ). The observed decrease in the slope of Cd uptake in the biosolids-amended soils can be attributed to the increased adsorption of Cd; the greater the sorption of Cd, the lower the Cd uptake slope. Hettiarachchi et al. (2003) described adsorption of Cd using some of the same soils as used in the current study. Stronger adsorption by soils with biosolids amendments was also observed by Hettiarachchi et al. (2003) . Shoot Cd vs. soil Cd slopes were negatively correlated with a number of soil properties, some of which are likely to be related to sorption of added salt-Cd (Table 4) . Biosolids application simultaneously altered many soil properties that were correlated with biosolids application rate and with each other (data not shown). This makes it difficult to isolate the effects of a particular soil characteristic on shoot Cd vs. added soil Cd slope. Organic carbon content in soils exhibited the strongest negative correlation with the shoot Cd vs. added soil Cd slope. Bray-P, dithionite-extractable Fe, and oxalate-extractable Fe and Al were also significantly negatively correlated with plant uptake slopes of added salt-Cd (Table 4 ), but these correlations were weaker. This agrees with the observation by Li et al. (2001) that the soil organic phase in control and long-term biosolidsamended soils is important to Cd sorption. The inorganic soil constituents, which significantly negatively correlated with Cd uptake slopes in our study, have been recognized by other researchers as major factors controlling Cd sorption, precipitation, and occlusion (Corey et al., 1981; Elliott et al., 1986; Hettiarachchi et al., 2003) . Because soils with high cumulative rates of biosolids application were selected for study, soil organic matter had not declined to the levels of the control soils. The relative role of organic matter and sesquioxides in the lower phytoavailability of Cd in long-term biosolids-amended soils cannot be distinguished in the present study; however, the studies reported by Hettiarachchi et al. (2003) clearly show that the Fe and Mn oxides were important in the increased Cd sorption by such soils.
Application of biosolids increased total soil Zn (Table 3) , and, to differing degrees, Zn concentrations in lettuce shoots (Table 5 ). The antagonistic effect of Zn on Cd uptake by a range of plant species including lettuce is well established (Grant et al., 1998; Jiao et al., 2004; Honma and Hirata, 1978; McKenna et al., 1992; Chaney et al., 2001) . It has been attributed to a competition between Zn and Cd for uptake by roots and translocation from roots to shoots (Grant et al., 1998) . The extent of the effect varies among plant species and may be quite pronounced when shoot Zn is near deficient levels. Jiao et al. (2004) reported that the increase of Zn concentration in flax seeds from 10 to 35 mg kg -1 was associated with a decrease in seed Cd concentration from about 250 to about 100 µg kg -1
. The higher Zn levels in biosolids-amended soils and subsequently in lettuce shoots could be a factor contributing to reduction of the slopes of Cd uptake by lettuce from biosolidsamended soils in our study. However, it would not explain the increased Cd adsorption on biosolids-amended soils observed by Li et al. (2001) and Hettiarachchi et al. (2003) .
Biosolids Effect on Plant Cadmium
The Cd concentrations in lettuce grown in control Hayden Farm, Rosemount, and Fulton County control soils were similar, ranging from 1.12 to 1.58 mg kg -1 dry weight. The effect of biosolids application on Cd uptake by lettuce varied depending on biosolids source (Table 5 ). The low-Cd heattreated and limed-composted biosolids applied at high rates to Christiana soil did not cause a significant increase of lettuce Cd in comparison to control soil. All other biosolids significantly increased Cd concentrations in lettuce shoots as compared with paired control soils. The highest concentration of Cd, 15.5 mg kg -1 , was found in lettuce grown in soil amended with 643 Mg ha -1 of MWRDGC biosolids. This was also the biosolids with the highest Cd content. Soils for our study were collected from plots at the Hayden Farm and Rosemount Experimental Stations that had been used in two prior studies that measured Cd concentrations in romaine lettuce (Brown et al., 1998; Sloan et al., 1997) . The cadmium concentrations in lettuce shoots obtained in our study are in a good agreement with those reported by Sloan et al. (1997) and multi-year averages reported by Brown et al. (1998) (Fig. 4) .
The Cd concentration in the biosolids used in the Rosemount and Fulton County sites were well above regulatory limits for land application of biosolids (Table 1) (USEPA, 1995a) . The Cd concentrations in the heat-treated and limed-composted biosolids are within regulatory limits set by the Alternative Pollutant Limit of the 503 rule (USEPA, 1995a). Applied at high commutative rates, the heat-treated and limed-composted biosolids did not cause an increase in Cd concentrations in lettuce shoots in comparison to control soil 24 yr after the last biosolids application. Although below regulatory ceiling concentrations, the Cd content of these biosolids would still be above the 90th percentile levels in current U.S. biosolids (Stehouwer et al., 2000) . The cumulative rates of Cd applied with these biosolids were also far below the EPA limit of 39 kg ha -1 but greater than applications attainable in most biosolids utilization programs in the United States today.
Labile Cadmium
The isotope mixing equation allowed calculation of how much of the Cd in lettuce shoots was derived from the pool of native soil (geogenic + biosolids) Cd and how much originated from the salt-Cd spike (Table 6 ). The amount of Cd in lettuce shoots originating from the spike was significantly (P < 0.0001) increased with increasing spike addition in all control and biosolids-amended soils. For each soil, the amount of shoot Cd derived from the native soil Cd remained statistically similar for all salt-Cd application rates. The addition of increasing amounts of salt-Cd may have been responsible for the observed suppression of plant uptake of native (geogenic + biosolids) soil Cd in biosolids-amended soils. If this were the case, one would expect that the contribution of native Cd would decrease with increasing rates of salt addition. Data presented in Table 6 demonstrated that this was not the case. Both sources (spike and native soil Cd) had their independent contributions to the total shoot Cd, and the addition of salt Cd did not alter native soil Cd contribution (Fig. 5) .
Multiple-point determination of the labile fraction of native Cd at various rates of the spike and the use of three different reference isotopes showed good agreement between labile Cd measurements for most soils (Table 7) . Larger standard errors were obtained for soils containing lower amounts of native (geogenic + biosolids) Cd.
Two decades after application, biosolids-Cd remained highly labile in all soils, with the exception of the Fulton County soil amended with MWRDGC biosolids (Table 7) , where only 61% of the total soil Cd was labile. Because no lability measurements were performed directly after biosolids application to soil, it is not possible to determine if the labile fraction of biosolids-Cd has altered over time. No single soil characteristic of MWRDGC biosolids-amended soil seems to be responsible for this persistent low labile fraction of soil Cd. It was rather a complex effect of various soil properties (Table 3) or the effect of some other factor not considered in biosolids-amended soil characterization.
In the Rosemount control soil, about 69% of Cd was in the labile form. The addition of the increasing rates of biosolids increased labile Cd, which exceeded 95% at the highest biosolids application rate. This was a direct consequence of the higher lability of biosolids-applied Cd (Table 3) .
To avoid altering element equilibria in soil, tracer addition in isotope dilution experiments is typically small in comparison to the total soil concentration of the element of interest (Ahnstrom and Parker, 2001; Frossard et al., 1994) . In our study, the addition of the salt-Cd enriched in 111 Cd isotope was comparable to or much higher than the amount of total Cd originally present in control and biosolids-amended soils, which may have affected soil Cd equilibria. In addition to exchange reactions with the Cd originally present in the soil, the salt-Cd may have sorbed onto the adsorption sites previously not occupied by Cd. This had little or no effect on the Cd uptake by lettuce from the pool of native soil Cd, as demonstrated by the data in Table 6 , and consequently had little effect on the estimation of %L. This agrees with the observation of Tiller et al. (1969) , who reported that the relatively large spike of radioactive Co accurately estimated the pool of labile native soil Co. Our data provided strong evidence of persistent lability of Cd in biosolids-amended soils except for the Fulton County soil. Freshly added salt-Cd did not decrease the percentage of labile native Cd that was phytoavailable to plants in most soils in this study.
Using the isotopic dilution technique, Tiller (1979) determined that the lability of biosolids Cd and Zn was equal to that of metal salts when added to a soil. A large fraction of labile Cd, %L from 87 to 100, was also found by Lloyd et al. (1981) in five long-term biosolids-amended soils. About 50% of total soil Cd was available for Cd hyperaccumulator alpine pennycress (Thlaspi caerulescens), non-accumulator species Lepidium heterophyllum and Indian mustard (Brassica juncea L.) grown in a soil contaminated by a long-term application of biosolids Stanhope et al., 2000) . Stacey et al. (2001) reported %L values between 40 and 82.5 for wheat (Triticum aestivum L.) grown in a fresh biosolids-sand mixture. Our results demonstrate that the fraction of labile Cd in biosolids amended soils is variable, and factors affecting lability remain unknown. Fresh anaerobic biosolids may contain CdS, which was found to be non-labile in soils contaminated with Zn mine waste (Ahnstrom and Parker, 2001 ). The soil L values (Table 7) indicate that the decrease in Cd uptake slopes in the long-term biosolids-amended soils as compared with spiked control soils was not caused by the reduction of Cd lability by biosolids amendment. Because the concept of the isotopically exchangeable pool of an element was developed for the purpose of phytoavailability assessment, attempts were made to correlate soil L or E values with element concentrations or uptake in the harvested biomass. Some researchers found that the isotopically exchangeable pool of element is a good estimate of plant availability (Salcedo and Ellis, 1979; Tran et al., 1988) , but a number of studies (Echevarria et al., 1998; Smolders et al., 1999 ) demonstrated a lack of or a poor correlation between the labile (L) pool of an element in soil and the element concentration (mg kg -1 shoot) or uptake (mg kg -1 soil) in harvested biomass when diverse soils were used in a study. In the Nolan et al. (2005) experiment, the soil-labile Cd (E) was only slightly better for predicting plant shoot concentration than the total soil Cd and highly inferior to CaCl 2 -extractable Cd. Thlaspi caerulescens grown in two soils containing 59.3 and 770 mg kg -1 of total Cd with corresponding labile Cd (L) values of 27.5 and 51.2 mg kg -1 accumulated 12.7 and 986 mg Cd kg -1 shoot, respectively . The difference in shoot Cd concentrations was clearly disproportionate to the difference in labile Cd pool. It is also well known that Cd uptake can be strongly increased at lower pH without a change in labile pool of Cd.
Studies evaluating the fertilizer value of Mn and P applied to soils as salts or components of biosolids may be relevant to our study because they focus on the uptake slope in response to the applied rate of an element (Salcedo and Ellis, 1979; Frossard et al., 1994; Frossard et al., 1996) . These studies demonstrated that the differences in uptake slopes produced by soils characterized by similar E or L values but differing in other properties were of similar magnitude as that found in our study. Apparently, the size of the labile pool of element in soil does not translate in a simple way into element concentration in the plant shoots. Other factors, such as soil pH, plant physiology, competition between elements for absorption sites at the root surface, element speciation in soil solution, and the kinetics of sorption/desorption and precipitation/dissolution processes, must be considered.
Conclusions
Despite a higher total soil Cd, lettuce accumulation of added salt-Cd was lower in biosolids-amended soils as compared with control soils that had never received biosolids application. Historical application of high rates of biosolids reduced Cd phytoavailability for Cd-salt-amended soils in a persistent manner. This low phytoavailability was especially evident for biosolids with low Cd concentrations. At the same time, biosolids-Cd remained in labile forms (isotopically exchangeable) in most soils long after application. The results of the present study indicate that the labile pool concept should be considered independently from the concept of phytoavailability (see also Hamon et al., 2008) . Labile Cd is present in a form potentially available to plant roots for uptake rather than in some form the roots cannot access, but actual plant uptake of soil Cd is affected by many soil and plant factors independent of the labile pool.
Soil organic carbon, Fe oxides, and P compounds are probably responsible for the reduction of Cd phytoavailability in biosolids-amended soils. A mitigating effect of biosolidsapplied Zn on Cd uptake may be also important. However, based on this study, it is impossible to identify with certainty the factors responsible for decreased Cd phytoavailability in long-term biosolids-amended soils because the application of high rates of biosolids simultaneously altered various soil properties. Research by Hettiarachchi et al. (2003 Hettiarachchi et al. ( , 2006 indicates that Fe in biosolids (likely in a complex with organic matter and phosphate) may contribute to the strong adsorption of Cd by biosolids-amended soils. Our findings provide further evidence that biosolids metal phytoavailability was strongly reduced by several biosolids that received high levels of Fe during biosolids processing. More research is needed to clarify if high biosolids Fe limits the phytoavailability of soil Cd and other metals without removing the Cd from the labile pool; if confirmed by direct experimentation, this possible benefit of high Fe in biosolids could become a biosolids management technology. Because of the strong adsorption of Cd and other metals by persistent components of biosolids (Hettiarachchi et al., 2003 (Hettiarachchi et al., , 2006 , applications may be useful in the remediation of metal-contaminated soils (Brown et al., 2004) .
